Ozone in ambient air may cause various effects on human health, induding decreased lung function, asthma excerbation, and even premature mortality. These efficts hav been evidenced using various dinical indicators at,altho sensitive, donot' s ficay elate the 0-incresed lung epitheliu'm pebility. In the present study, we :assessed the acu'te effes of ambient 03 on the pullmonay epitheium by a new approach relying on the assay in serum of e lung-speific Clara cell protein (CPC16 o C:CI')). We 
Ozone, the main oxidant species of photochemical smog, can produce a variety of acute pulmonary effects, including decrement of lung function, inflammatory reaction, increase of epithelial permeability, and airway resistance. There is also some epidemiologic evidence that current ambient exposures to 03 are associated with reduced baseline lung function, exacerbation of asthma, and premature mortality (1, 4 . In 1997, the U.S. Environmental Protection Agency revised the National Ambient Air Quality Standards (NAAQS) for 03 by replacing the 1-hr health-based standard of 0.12 ppm with an 8-hr standard of 0.08 ppm (3) . Whether this new guideline based on average daily exposure sufficiently protects public health from both chronic and acute effects of 03 has been debated (4) .
The assessment of health effects of ambient 03 has mainly relied on such end points as lung function impairment or respiratory symptoms that, although sensitive, do not permit the evaluation of the extent of oxidative damage caused by 03 to the pulmonary epithelium. Recently, a new approach for assessing early effects of pollutants on the respiratory tract was developed, based on the assay in serum of lung-derived proteins. One of these proteins is the 15.8-kDa Clara cell protein (CC16 or CC1O), which is secreted in large amounts at the surface of airways from where it leaks into the serum, most likely by passive diffusion (5) (6) (7) (8) . The serum concentration of CC16 is a new sensitive marker to detect an increased permeability of the epithelial barrier, which is one of the earliest signs of lung injury induced by air pollutants, including 03 (2,9).
Materials and Methods
Study on cyclists. The study was conducted in Parma, Italy, between 18 June and 31 July 1998 under varying conditions that included episodes of photochemical smog.
After providing their informed consent, 24 nonsmoking cyclists (15 women and 9 men) 28.5 (SD, 3.4) years of age participated in the study. Each volunteer performed two 2-hr rides between 0200 and 0400 hr on roads and dates characterized by different levels of air pollution. The rides covered a distance between 30 and 40 km (18 and 25 miles (9, 17, 18) . In mice exposed to 0.08 ppm 03, loss of the size selectivity of the lung epithelial barrier was confirmed by an elevation of albumin in BALF, which is classically interpreted as an evidence of increased permeability to proteins.
In cyclists, both the pre-and postride elevations of serum CC16 showed very significant correlations with the 03 concentrations in air. These correlations were much higher than those emerging between function deficits and 03. The association with 03 was particularly remarkable with the postride values of serum CC16, when the delivered dose of 0 was increased by both the exercise and the gigher ambient 03 levels in the afternoon. By contrast, no association was found between the increase of serum CC16 and lung function deficits. This is not surprising because at moderate 03 levels, lung function decrements do not correlate with inflammatory changes in BALF, which usually occur earlier (19) (20) (21) (22) . This earlier increase of epithelial barrier permeability also clearly emerges from our study because the rise of serum CC16 was statistically significant in quartile 2 (0.0605-0.084 ppm), in contrast to lung function changes, which were significantly altered only from quartile 3 (Figure 1) . However, the most remarkable finding was that serum CC16 in mice shows a sensitivity to 03 almost identical to that observed in humans. In both species, the protein rose in serum after only a few hours of exposure to average 03 levels around 0.08 ppm (Figure 2 ). This indicates that the human lung responds to 03 with nearly the same sensitivity as the lung of the C57B1/6 mouse, a mouse strain among the most sensitive to this air pollutant (23) .
Although the exact mechanisms governing the transepithelial passage of CC16 are still poorly understood, we think that the higher sensitivity of serum CC16 to a disruption of the lung epithelial barrier in comparison with BALF albumin mainly stems from the differences in the concentration gradients that drive the diffusion of these proteins across the bronchoalveolar-blood barrier. Figure 3 illustrates schematically the transepithelial leakage of CC16 and albumin across a terminal bronchiole, the principal site of CC16 secretion (7) and also of injury by 03 (9, 24) . In normal lung ( Figure 3A) , the epithelium is the main barrier hindering the bidirectional air-blood exchange of proteins; the endothelium offers some resistance only to the passage of proteins the size of albumin or larger (interstitial fluid/plasma albumin ratio estimated at 0.5-0.6) (25, 26) .
Proteins entering the lung interstitium are constantly removed by lymphatic drainage. After acute exposure to 03 (Figure 3B) Durmtion of exposure (hr) Figure 2 . Concentration of Clara cell protein in serum and levels of CC16, albumin, and PMNs in BALF.
Bars represent mean ± SE of [6] [7] animals. (25) ). These findings are disturbing because they suggest that natural background concentrations of 03 have now reached levels above which there is almost no safety margin for the effects on airway permeability. This increase is not so surprising when we consider that tropospheric 03 has globally increased over the past century by a factor of approximately 3 as compared to preindustrial times (0.01 to 0.015 ppm) (29) .
The long-term significance of this altered epithelial permeability caused by 03 in ambient air is unknown. As shown by animal and human studies using BALF, this phenomenon is a characteristic component of the acute inflammatory response to 03 that accompanies other inflammatory changes such as leukocyte influx and cytokine release (9, 28) . Several animal studies suggest that the prolonged maintenance of these effects might be detrimental to the lung tissue. In monkeys, exposure to 0. 15 ppm 03, 8 hr/day, for up to 90 days results in morphologic alterations of the pulmonary epithelium consisting of epithelium thickening and cellular proliferation in the interstitium (30) . Similar epithelial lesions have been described in the lungs of rats exposed to an 03 concentration as low as 0.12 ppm, 12 hr/day, for 6 weeks (31).
In summary, the application of a new noninvasive test to evaluate the permeability of the lung epithelial barrier shows that the pulmonary epithelium is much more sensitive to 03 oxidative stress than suggested by previous studies. Alterations of the airway epithelium resulting in an increased leakage of lung proteins into the bloodstream were observed after only 2 hr in moderately exercising subjects exposed to ambient 03 levels below the new NAAQS standard for 03 (3). These observations indicate that air pollutants can produce effects on the pulmonary epithelium that are underestimated or undetected using classical tests. Markers of the lung epithelium integrity that are measurable in serum (such as CC16) represent new tools which undoubtedly should improve the assessment of health risks from air pollutants and the subsequent derivation of healthbased air quality standards.
